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SINGLE-CRYSTAL TIME-OF-FLIGHT NEUTRON DIFFRACTION

Arthur J. Schultz

IPNS Division, Argonne National Laboratory

Argonne, IL 60439 USA

ABSTRACT

The single-crystal time-of-fight (TOF) Laue techniqgue combines the use of a large-area
position-sensitive detector (PSD) with a range of incident neutron wavelengths available from a
pulsed neutron source. With a stationary sample and detector, a three-dimensional sampling of
reciprocal space is obtained that may contain hundreds of Bragg reflections. In addition, all of
reciprocal space between the peaks is also measured simultaneously making this technique highly
advantageous for studying pressure and temperature dependent phase transitions. Instruments
designed for this purpose are also uniquely useful in texture studies of polycrystalline samples.
The technique and instruments in use at IPNS (Argonne), LANSCE (Los Alamos) and ISIS
(Rutherford) will be described. Examples of studies ranging from the modulated structure of an

organic superconductor to the magnetic form factor of a higtelated compound are presented

INTRODUCTION

The single-crystal time-of-flight (TOF) Laue technique can be traced back nearly forty years

to a 1956 paper by R. D. Lowtim which it is proposed that:

The Laue method of recording integrated intensities, with certain adjuncts, appears to be
in many ways simpler than the rotating-crystal method. A proposed technique is
discussed, which is particularly suitable for use with pulsed neutron sources such as
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electron acceleratarsThe apparatus required, however, has more to go wrong, and it
will require some effort to establish the technique in the first place.

In the intervening years much effort has gone into establishing the technique and using it for
scientific purposes. This paper will attempt to describe the results of those efforts.

A brief historical survey is presented in Table 1. Currently, there are single-crystal TOF
Laue instruments with area PSDs at the IPNS (Argonne, @$ANSCE (Los Alamos, USA?,
ISIS (RAL, UK),4 and the KENS (KEK, Japa%bulsed spallation neutron sources. For obvious
reasons of familiarity, most of the discussion in this paper will involve experiments at the IPNS.

Other papers in this volume highlight results obtained at LANS@E ISIS’
Description of the TOF Laue Technique

At the IPNS, the source is pulsed at 30 Hz, such that neutrons emerge from the moderators

every 3’% msec. The neutrons sort themselves by velociyhich is related to wavelengtby

h

the de Broglie equatiod =5, = (,% )(% ), whereh is Planck's constanty is the neutron mass,

TABLE 1

Brief history of the development of the single-crystal time-of-flight Laue technique

1956 Lowdé proposes time-of-fight Laue method for use with pulsed sources such as
electron accelerators.

1965 Buraset al® experimentaly demonstrate single crystal TOF Laue technique using
chopped beams from steady state reactor sources.

1970 Day and Sinclalrobtain single-crystal data using the Harwell electron linac and a
curved array of scintillation detectors.

1979 Balagurovet all0 collect and analyze single crystal data at a pulsed reactor
source.

1980 Nimura et al.11 measure diffuse scattering using a 1-D detector at an electron
linac source.

1981 Peterson and cowork&s3 describe the collection and analysis of single crystal

data using an area PSD at a pulsed spallation neutron source (ZING-P").
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Figure 1. Incident spectrum vs. TOF and wavelength.

andt is the TOF for pathlength. A possible spectrum for a flight path of 10 m is shown in
Figure 1. In a conventional diffraction experiment at a steady state source, the duty cycle is 100%
but only a small portion (< 18) of the available neutrons are selected using a monochromator
with typical reflectivity of 50% or less. At a pulsed source utilizing the TOF Laue technique in
the example in Figure 1, the duty cycle is reduced to 33%, but there is no monochromator
(therefore no second order contamination) and all of the thermal, in addition to some epithermal,
neutrons are used.

Figure 2 depicts the Ewald spheres for the minimum waveledgih @t tmin) and the
maximum wavelengthAgax attmay during each pulse of neutrons. With a stationary crystal and
with a stationarypoint detector at 8 = 90°, four Bragg reflections alonglimear reciprocal

lattice vector can be measured "simultaneously” since they will satisfy the Bragg coAglition
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Figure 2. Spheres of reflection in reciprocal space for the minimum and
maximum wavelengths at the minium and maximum TOF's.

2dnsing at different times-of-fight, where in Figure 2 varies from 2 to 5. With lanear
position-sensitive detector (PSD) spanning the range fi@h20 26mayx all of the Bragg peaks

within the shadedrea could be measured. Going one step further, a two-dimensigealP SD

will sample a solidzolumeof reciprocal space which may contain hundreds of Bragg peaks. This
feature of the TOF Laue technique with a large area PSD is patrticularly useful in the measurement
of numerous high Q data. This was the case in the studies of magnetostrictionzjﬁ“MnH

more recently in FeFand NiFg,15’16for which Amin of 0.4 A was used, vielding data winax

= 41(Sin@)/Amin A 25 A1, and withdmin A 0.25 A.

Another important feature of the technique is that not just the Bragg peaks are measured,
but all of reciprocal space within a solid volume is sampled. This is advantageous for searching
and measuring satellite and superlattice reflections and diffuse scattering. Structural and magnetic
phase transitions associated with varying temperature or pressure can be observed and
characterized without aa priori knowledge of where in reciprocal space the new scattering will

appear, as for example in the study of the phase transitions in prousi‘;i;/éesseyj7 and in
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Figure 3. Top view of the IPNS SCD. Fixed parameterscare45°,

detector angle = 90°, and sample-to-detector disastance = 32 cn.

organic18 and copper oxide superconductors described below. Diffuse scattering measurements
at ISIS are described in this volume by D. A. KéeAnother feature which has been exploited at
LANSCE and IPNS is the use of the single crystal instruments for texture and preferred
orientation analyses of polycrystalline samples, as described in this volume by H.-R-¥fenk.

A schematic representation of the IPNS single crystal diffractometer (SCD) is shown in
Figure 3. The crystal orienter consists of Hupeand @ circles with full 360° rotation aboup
and rotation abouy from the 90° (lower left in Figure 3) to the 180° (topxodircle) positions.
The w angle (45°), the detector angle (90°), the sample-to-detector distance (32 cm), and the
sample-to-moderator distance (950 cm), are fixed. This configuration requires ~35 setgings of
and @ to cover a full hemisphere of reciprocal space. The area PSBLisgkass scintillation
detector with a positional resolution of ~3 il Each detected neutron is characterized by three
histogram coordinatesy,t representing horizontal and vertical detector positions and time-of-
flight, respectively. The time channel widthhs are varied such that the time (wavelength)

resolutionAt/t is constant for all TOFs (wavelengths). The histogram coordinates can be mapped
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into hkl reciprocal lattice coordinates and plotted in various ways when searching for superlattice
and satellite reflections.

The sample orienter for the LANSCE S€has a fixedy angle of 60°. The area PSD is
positioned above the horizontal plane permitting nearly 360° rotations qgf @ahdw angles so
that full spherical coverage is approached. He gas-filled multiwire detector has an active
area of 25 x 25 ch

The ISIS SXD has éLi-containing ZnS scintillation PSD with optical fiber encoding and an
active are of 20 x 20 cfn It is described in an accompanying paper in this vollime.

The first step of a typical data collection is to mount a crystal on the instrument and begin
accumulating a histogram of data. At the IPNS, the active histogram data are displayed on a
terminal screen and Bragg peaks can often become visible within minutes. A search program will
locate and store the positions of peaks in a reflection file and an autoindexing ﬁr?o'gramn
used to obtain a unit cell and the crystal orientation. Thus, spending hours centering the crystal
and finding and centering peaks with a conventional instrument at a steady state source is
avoided. This also means that the design and operation of environmental equipment (temperature,
pressure) is easier since alignment requirements are less stringent and, during actual data
collection, the sample is stationary. Based on the symmetry and orientation of the crystal, the
and @ angles of 10 to 35 histograms are selected in order to cover a unique region of reciprocal
space. Each histogram is typically measured for 2 to 8 hours, depending on the crystal quality and
volume, the unit cell volume, and the available beam time. Bragg intensities are obtained by
calculating peak positions in each histogram and integrating in three dimensions by fitting a box
around the pez%? or by use of an ellipsoidal contour technique which maximizesl/t(g)
ratio®”.

The integrated intensitidgy are reduced to structure factor amplitutlgg | based on the

Laue formula®2°
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lhkt =K 7(2) @A) &A.r) AQ) Y(A) [Fhil? A4/ sireo

wherek is a scale factor and(A) is the deadtime loss. The incident flux spectrgi) is
obtained by measuring the incoherent scattering from a vanadium sample. The detector efficiency
&(Ar) is calculated as a function of wavelendtland positiorr on the detector for each Bragg

peak since the slant path through the@latglass varies withi. Sample absorptioA(A) includes

the wavelength dependence of the linear absroption coefficients. Because of the large wavelength
dependence of extinction, equivalent data are not averaged and the extinction coyf&ktion
evaluated during the least-squares refinement of the structure.

The set of structure factor amplitudes which are obtained at this point can be used to refine
a structure using conventional least-squares methods. In an accompanying paper in this volume,
the accuracy of IPNS SCD results are shown to be good in a comparison with monochromatic
neutron ang-ray results from the same crysté?s.

Each of the single crystal instruments have low temperature capabilities with a closed cycle
helium refrigerator and in some cases, with liquid helium. A sample pressure of 20 kbar at room
temperature was achieved in a study @gPHe at LANSCE? At the IPNS, a pressure of 5 kbar
is achievable while simultaneously cooling the sample on a Displex cold stage. High temperature
experiments at the IPNS include a study of yttria-stabilized zirconia, Zi(¥g8 at 767°C28
and of the nonlinear optical material thallium titanyl phosphate, TIT§RO650°C, well above
its ferroelectric-to-paraelectric phase transitiog< 583°C).27

Some additional selected examples of scientific results obtained with the IPNS SCD are

described below.
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SCIENTIFIC ACHIEVEMENTS

A C—H--Metal Interaction

The activation of a C—H bond by a metal is a critical step in many catalytic reactions. High
precision neutron diffraction structural results are necessary to characterize the arrangement of
the three atoms and the degree of electron delocalization in stable molecules containing 3-center
C—H-metal bonds. The first full crystal and molecular structure analysis on a TOF Laue
instrument was that of methylcyclohexenylmanganese tricarbonyl, Mg(Cﬂ))ll).ZB As shown
in Figure 4, the most important feature of the structure is the C(1)-H(1A)—Mn interaction with
H(1A) located almost exactly in an octahedral site about the manganese atom and with a very

long C(1)-H(1A) distance of 1.19(1) A. This compares to an average value of 1.09(1) A for the

Figure 4. Molecular structure of Mn(CQ@{C7H11) showing the strong C—H—Mn interaction.
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other C—H distances in the structure, as expected. The relatively large esd values are due to the
limited data set resulting from instrumental problems associated with this first experiment. If the
C—H-metal bond is ignored, the molecule formally contains 16 valence electrons. An 18-electron
configuration is achieved only by delocalization of the two electrons in the C(1)-H(1A) bond to

form a 3-center, 2-electron C(1)-H(1A)—Mn bond.

Organics Superconductors

Organic superconductors have been the subject of a number of investigations on the SCD.
The first of these involved the characterizations of the low temperature commensurate
superlattices in the quasi-one-dimensional charge transfer salts (ThK[ S¥H)ere X = ClO4~
or BF4~, both of which havel¢s of 1-2 K29 The superlattices are due to ordering of the
tetrahedral anions which are located on centers of inversion in the high temperature structural
phases.

The largest number of organic superconductors and those with the FAighegsies known
to date are based on the donor molecule BEDT-TTF, or simpEPEVhereas the TMTSF salts
are all nearly isostructural, ET salts crystallize with many different structural phases, even with the
same anion and stoichiometry. Most of the salts are layered materials with layers of conducting
donor molecules sandwiched between layers of anions.

One of the most interesting features of the ET molecule is the occurrence of different
conformations as depicted in Figure 5, and the relation of these conformations to lattice softness,
disorder, and¢. In the case o-(ET)2l3, we have characterized three distinct structural phases.

At room temperature and ambient pressure, each ET molecule assumes a random orientation with
either an eclipsed or staggered conformation of their ethylene groups. In 1984, the observation of
incommensurate superlattice satellite reflections with x-rays and with neutrons on the SCD from
crystals of3-(ET)2l3 below ~200 K was reporte"t?.These satellite reflections were shown to be

due to displacive modulations of thg lanions and the ET molecules as rigid groups and to
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Figure 5. The two ethylene group arrangements of ET. The C-S and C—-C bonds of the
ethylenedithio units (S—CHCHx-S) are represented by wedges to distinguish the C atoms

lying above and below the molecufaframework. The diagrams on the right depict the
eclipsed and staggered arrangements of the ethylene groups when viewed parallel to the
central C=C double bond.

modulation of the above-mentioned conformational diso%eUpon further coolingB-(ET)2l3
becomes superconductingTat= 1.4 K, which compares & = 2.8 K for3-(ET)2IBr2 andT¢ =
4.98 K forB-(ET)2Aul2 with ET molecules in ordered eclipsed conformations. TheTlgtor [3-
(ET)2lz was attributed to its partial disorder (incommensurate modulation) although it was
predicted to have the highekt based on band calculations of the density of states at the Fermi

energy.

Then, in 1985 it was reported thBg for B-(ET)2l3 rises from ~1 K at ambient pressure to
~8 K with applied pressures above 1.2-1.3 KBats A helium high pressure sample cell which
mounts on the Displex cold stage of the SCD was designed and fabricated to investigate the high
pressure phase. Using this equipment, it was observed that the satellite reflections, which are
present at ambient pressure below 200 K, are absent above a critical pressure of 0.5 kbar applied
at room temperature and followed by cooling, as shown in FigﬁfleTﬁe satellite reflections
remain absent if the pressure is released while the temperature is maintained at 20 K. It was

proposed that the high pressure structural phase is ordered and the transition from the modulated
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structure to the completely ordered phase accounts for the figeTie ordered structure was

later confirmed with data obtained at the [£2..

(b)

Figure 6. (a) Plot of the neutron-diffraction intensity distribution in the 4.92 reciprocal lattic
plane of3-(ET)2l3 at 20 K and with zero pressure. Satellite peaks aB3(5-48, (5 4 0)-q,
and (5 4 1)-q , whereq = 0.08&* + 0.270* + 0.21c*, are clearly observable. (b) The sam
h = 4.92 plane after applying a pressure of 1.4 kbar, warming to room temperature, a
cooling back down to 20 K.

e
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15 K, 1 bar 15 K, 1.5 kbar

Figure 7. The coordination sphere around the copper atoms ig)gNIu(D20)6)](SO4)2 at (a)

T=15K,P=1 bar and (bJ = 15 K,P = 1.5 kbar. Note the switch in the Cu—O(7) and Cu—
O(8) bond lengths between (a) and (b).

A Pressure-Switchable Jahn-Teller Distortion

Using the SCD helium pressure apparatus, the first example of a pressure-induced Jahn-
Teller distortion switch was observd®. As shown in Figure 7, application of 1.5 kbar of
pressure switches the long axis of the Jahn-Teller distortion by 90° in the deuterated ammonium
copper Tutton's salt, (N[Cu(D20)6](SO4)2. The Cu—O(7) bond length changes from
2.022(2) to 2.290(2) A and the Cu-O(8) bond length changes from 2.310(2) to 2.014(2) A.
Thus, the high pressure phase of the deuterated salt is isostructural with the hydrogenous salt, but
not with the alkali metal salts. The switching of the long axis of the Jahn-Teller distortion appears
to be associated with a rotation of the ;xation with concomitant changes in the hydrogen

bonding of the coordinated water molecules with thg2S@nions.

Structural and Magnetic Properties of L&CuO4-Type Materials
Oxygen deficient LeCuOy—g is antiferromagnetic with a Néel temperature that depends on

d and a magnetic form factor in the ordered state which is not in very good agreement with that of
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the C#* free ion due to a plateau at ldv The two reasons suggested for this discrepancy are
either anisotropic magnetization density of the copper site or some small magnetic moment on the
out-of-plane oxygen sites. In order to test these theories, measurements on a material in which the
out-of-plane oxygen atoms are replaced by chlorine atom§uSpCly, were carried out!

Using the SCD, it was found that the form factor o3CROxCly is quite similar to that of
LapCuOq and it is therefore unlikely that any significant moments exist on the out-of-plane
oxygen (or CI) ions. A reasonable fit to the experimental form factor data is obtained if a dipolar
spin polarization on the in-plane oxygen ions is assumed. In this model, the in-plane oxygen 2p
orbital which overlaps with the two nearest neighbor @uyd orbitals is spin-up on one side and

spin down on the other side.
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Since N£* has a much larger moment than2€umeasurements on $MdiO4 should be
more precise than those onoCaQy and SpCuOCly . Attempts to measure the magnetic
reflections of LaNiO4 at a steady state reactor source were not successful due to contamination
by multiple Bragg scattering. Using the IPNS SCD, each reflection was measured many times
(~10) over a wide range of neutron wavelengths so that anomalous intensities could be easily
identified and discardetf The experimentally determined data fonN#&4 exhibit a plateau at
low Q similar to LaCuQy and SpCuOClp. With LapNiOg4, the larger number of measured
magnetic reflections permits the evaluation of the spin density Fourier map corresponding to the

difference between the observed density and that obtained by fitting the data to an isofropic Ni
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Figure 8. The difference magnetization density in the Ni-O plane gNi@4. The atoms
symbols are circles for Ni and triangles for O. The solid and dashed contours denote| positive
and negative densities, respectively. Each contour is8xi§A3. The Ni atoms at the
corner positions have been defined to have positive densities.
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form factor. No significant density is observed away from the Ni-O plane. As shown in Figure 8,
in the Ni-O plane there is spin density extending from each copper in the direction of the four in-
plane oxygen atoms.

Oxygen rich LaCuOq+gis a superconductor wifft = 40 K ford = 0.1. A crystal prepared
by room temperature electrochemical oxidation opQuEO, was studied on the sép and
appears to be single phase wiimmmsymmetry and with the excess oxygen located between
adjacent LaO layers from analysis of the fundamental Bragg peaks. In additiitesaiésing

from a modulation could be clearly identified in the single-crystal data, as shown in Figure 9. The
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Figure 9. Intensity contour plot of reciprocal space perpendicular to*tdeection atl = 5.67
from a single crystal of oxygen rich $@u0,,5 Satellites with proppatation vectors

(0, £0.2, -0.333) appear around the tail of the [0,0,6] Bragg reflection.
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reciprocal lattice defined by the satellites appears to be commensurate with the original one: all
observed reflections can be indexed using @entered 18 x 10b x 6¢ supercell. However, due

to twinning, the observed satellite pattern could result from the superposition of more than one
set of superlattice reflections, each with a smaller supercell. An experiment on a detwinned

crystal is planned for the future.
SUMMARY

With the start-up of several pulsed spallation neutron sources in the 1980's, the single-
crystal TOF Laue technique has been successfully exploited for a broad range of scientific
applications, including chemical crystallography, phase transitions, magnetic scattering, and
diffuse scattering. In particular, the ability to easily survey large volumes of recipracal $p
obtain data at higlp vectors, to design and use environmental equipment with minimal alignment
and motion requirements, are some of the advantages of this technique. Progress in the
development of the technique and the instrumentation will continue and should lead to greater
advances with the increasing fluxes available from existing sources and with the potential for

much higher fluxes from proposed new sources.
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